Introduction {#Sec1}
============

Hand-to-face contacts are important behaviors that can result in dermal and non-dietary exposures. Hand-to-mouth contacts are especially of concern when considering exposures to chemicals (e.g., lead \[[@CR1]\] and pesticides \[[@CR2]\]) and microbial pathogens with fecal-oral transmission. Hand-to-eye and -nose contacts are of concern especially for respiratory pathogens, such as rhinovirus, influenza viruses, and coronaviruses \[[@CR3]--[@CR6]\]. Frequencies of contacts to the face are often used in exposure modeling to quantify a dose and subsequent health risk \[[@CR7]--[@CR11]\]. However, hand-to-face contact data are limited, especially for adults. In several quantitative microbial risk assessments, the frequency of hand-to-mouth, -eyes, and/or -nose contacts were informed by a study of ten student volunteers \[[@CR12]\]. With a lack of micro-activities (second-by-second behaviors) for adults, several models also utilize contact frequencies of 7--12 year olds (*n* = 18), based on the hypothesis that their mouthing behaviors and other hand-to-object contacts may approach those expected of adults \[[@CR7], [@CR13]\].

While micro-activity data specific for adults are sparse, contact frequencies, especially with the face, appear as the most influential parameters in several sensitivity analyses of exposure models \[[@CR11], [@CR14], [@CR15]\]. In a rotavirus fomite-mediated exposure model for children, frequency of fomite-to-mouth contacts was the second most influential model parameter \[[@CR11]\]. In a risk assessment of viral pathogens spread in office buildings, frequency of hand-to-mouth contacts was the second most influential parameter for rotavirus infection risk estimation \[[@CR14]\]. For a respiratory virus infection risk, the second most influential parameter was frequency of hand-to-nose contacts \[[@CR14]\]. Hand-to-mouth contact frequency has also been an influential parameter for dust ingestion estimates, \[[@CR15]\] and hand-to-mouth contacts are included in US EPA's Exposure Factors Handbook in a larger discussion of the importance of micro-activity patterns \[[@CR16]\]. Only one identified study provided mouthing behaviors (hand-to-mouth or object-to-mouth) for adults \[[@CR12], [@CR16]\]. Another study quantified frequency of face contacts, with mucosal and nonmucosal membrane areas, for medical students (*n* = 26) \[[@CR17]\]. However, it is uncertain how these contact frequencies compare to adults in other locations. Increasing available data and information regarding differences in hand-to-face frequency for males vs. females and by age is an important step in reducing uncertainties in current exposure science and risk assessment.

The objective of this study was to compare frequency and sequence of hand-to-head, -mouth, -eyes, -nose contacts between males and females, adults and children, and during dietary and non-dietary macro-activities. This study expands upon current available hand-to-face contact data for adults, which is limited to office and university lecture settings \[[@CR12], [@CR17]\]. In this study, micro-activities for adults were collected in multiple locations: airport, bar, church, classroom, food court, museum, public library, university library, and a sporting event.

Methods {#Sec2}
=======

Observations {#Sec3}
------------

Per observation, a person was observed for a 30-min period in daycare, airport, bar, church, classroom, food court, museum, public library, university library, and sporting event environments. Subjects were not explicitly aware of being observed and were chosen at random in the location by the observer. If it was clear that the observer was noticed or if the person being observed left the location before the 30-min observation period had ended, this entire observation was excluded from the study. The observer made a best estimate of the gender and age of the participant (male/female), and there was no interaction between the observer and the participants.

In total, 263 people were observed: 99 adult males, 100 adult females, 32 male children, and 32 female children. Each observation was categorized as eating (i.e., person was eating food) or non-eating (i.e., person was not eating food, regardless of drinking activities). Contacts with the nose, mouth, or eyes, along with other areas, including cheek, forehead, temples, hair, ears, and neck, were recorded by hand where each new contact was listed in chronological order on the activity observation form.

Only areas of the nose, mouth, and eyes thought to potentially lead to infection were counted towards nose, mouth, and eye contact frequencies. Specifically, nose contacts were defined as contact with the inner or outer nose (nostril area, excluding nasal bone or bridge of the nose) surfaces and under the nose. Mouth contacts were defined as contact with the lips, teeth, or inner mouth surfaces. Contact with the eyes included contact with the corner of the eye, the eyelid, conjunctiva or an eye rub. Contacts with the head included any of these contacts or contacts with the cheek, forehead, temples, hair, chin, ears, or neck. Contacts defined as "other" excluded the mouth, eyes, or nose and included contacts with the cheek, temples, hair, chin, ears, or neck. Although some contacts, such as contact to the outside of the nose, may not directly result in a dose or exposure for all cases, due to challenges in the angle of the observer, we assumed any contact with these surfaces pertaining to the nose, mouth, or eye surfaces could result in a dose. Each recorded touch began when contact was made and finished at the first lift of the hand from the contacted facial surface.

The time (hour and minute) for each contact was recorded. Contacts with parts of the head other than the mouth, eyes, or nose were grouped together in the analysis as "other." The University of Arizona Office for Human Research Protections determined human subjects review was not required (Protocol Number: 1911145109). One observer conducted all the observations in 2001 and has since passed away. Observation forms were translated to a digital spreadsheet format by one researcher. This researcher and another researcher separately chose entries from the digital spreadsheet at random and checked agreement with the original observation forms. Descriptive statistics of contact frequencies and transitional probabilities for contact sequences are reported here to inform exposure estimation and risk assessment.

Analysis of contact frequencies {#Sec4}
-------------------------------

Statistical analysis was conducted with R statistical software (version 3.6.0, R Core Team, 2019). We tested for statistically significant (*α* = 0.05) differences in frequency of all hand-to-head, -mouth, -eyes, -nose, and -other contacts using Wilcoxon rank sum tests for males vs. females, adults vs. children, and during eating and non-eating macro-activities. Differences between children and adults were investigated to address the current knowledge gap that children's behaviors are not equivalent to those of adults \[[@CR18]\]. Because the same observation methods for adults and children were used in this study, this allowed for comparisons less influenced by differences in observational methods. Descriptive statistics reported in tables were stratified based on statistically significant differences. To test for statistically significant differences in frequencies across locations, Kruskal--Wallis tests (*α* = 0.05) followed by Dunn's post hoc tests with a Hochberg adjustment for multiple comparisons (*α* = 0.025) were used. To remove potential confounding of eating behavior differences on contact differences across location, differences in frequencies across location were tested for eating macro-activity and non-eating macro-activity observations separately. The range, arithmetic mean, standard deviation, and 5th, 25th, 50th, 75th, 95th, and 99th quantiles of contact frequencies were calculated.

Analysis of contact sequence {#Sec5}
----------------------------

Significant differences found in contact frequency were used to guide stratification of contact sequences. The function *markovchainFit* from the R package, "markovchain," was used with a maximum likelihood estimation method to estimate transitional probabilities between contacts with the mouth, eyes, nose, or other (any contact with the face or head other than the mouth, eyes, or nose) \[[@CR19]\]. Transitions in this case do not account for contact duration and represent transitions between hand-to-face contacts only. For example, a contact with the nose followed by a contact to a nearby object and another contact to the nose would represent a nose to nose contact transition. Estimates were used to inform heat maps for visual comparisons, and 95% confidence intervals of estimates are available in supplemental material (Table [S1](#MOESM4){ref-type="media"}).

Results {#Sec6}
=======

Contact frequencies {#Sec7}
-------------------

### Comparison of males and females {#Sec8}

There were no statistically significant differences between contact frequencies of males (*n* = 131) and females (*n* = 132) other than for hand-to-nose contacts, which was significant but with a *p* value of *p* = 0.049 (Fig. [1](#Fig1){ref-type="fig"}). When stratified by age, significant differences in hand-to-nose contact frequency between male and female participants were seen for adults (*p* = 0.0014), but not for children (*p* = 0.36) (Supplementary Fig. [S1](#MOESM1){ref-type="media"}). Males tended to touch their nose more frequently than females, with a median contact frequency of 4.0 contacts/h (standard deviation (SD) = 2.83) as opposed to 2.0 contacts/h (SD = 2.77). Among adults, specifically, males and females touched their nose with a median contact frequency of 2.00 contacts/h. However, the average contact frequency for adult males was 2.97 contacts/h, while it was 2.06 contacts/h for females.Fig. 1Comparison of contact frequencies among locations during non-eating macro-activities.Post-hoc analysis results for **a** all face contacts, **b** eye contacts, and **c** other contacts (not -mouth, -eyes, or -nose). Dunn's test *p* values with Hochberg adjustment are indicated by color, where dark purple relates to non-statistically significant differences.

### Comparison of adults and children {#Sec9}

All contact frequencies were significantly different (*p* \< 0.05) between adults (*n* = 199) and children (*n* = 64) (Fig. [2](#Fig2){ref-type="fig"}). Children tended to touch their head, mouth, eyes, and nose more frequently than adults, while adults made contacts with other parts of the head more frequently than children (Fig. [2](#Fig2){ref-type="fig"}). Children touched their head with a median frequency of 18.1 contacts/h (SD = 5.6) while adults touched their head with an average frequency of 14.0 contacts/h (SD = 5.9) (Table [1](#Tab1){ref-type="table"}). Children touched their mouths with a median frequency of 4.0 contacts/h (SD = 3.4), while adults touched their mouths with a median frequency of 2.0 contacts/h (SD = 3.1) (Table [1](#Tab1){ref-type="table"}). Children touched their eyes with a median frequency of 4.0 contacts/h (SD = 2.8), and adults touched their eyes with a median frequency of 2.0 contacts/h (SD = 2.0) (Table [1](#Tab1){ref-type="table"}). Children touched their nose with a median frequency of 6.0 contacts/h (SD = 3.2), while adults touched their nose with a median frequency of 2.0 contacts/h (SD = 2.2) (Table [1](#Tab1){ref-type="table"}). Children touched parts of the head other than the mouth, eyes, or nose with a median frequency of 4.0 contacts/h (SD = 2.6), and adults touched other parts of the head with a median frequency of 6.0 contacts/h (SD = 3.2) (Table [1](#Tab1){ref-type="table"}).Fig. 2Contact frequency (contacts/h) of hand-to-head (all), -mouth, -eyes, -nose, and -other contacts for adults and children.Statistical comparisons were calculated using a Wilcoxon rank sum test and can be seen over bars.Table 1Summary statistics of contact frequency (contacts/h) of hand-to-head (all), -mouth, -eyes, -nose, and -other for adults vs. children during eating and non-eating macro-activities including 5th, 25th, 50th, 75th, 95th, and 99th percentiles.AgeFacial featureRange (Min, Max)Mean ± SD5th25th50th75th95th99thEating macro-activity Children (*n* = 3)Mouth(4.0, 10.0)7.3 ± 3.14.46.08.09.09.810.0Eyes(2.0, 4.0)2.7 ± 1.22.02.02.03.03.84.0Nose(0.0, 6.0)2.0 ± 3.50.00.00.03.05.45.9Other(2.0, 2.0)2.0 ± 0.02.02.02.02.02.02.0All(8.0, 20.0)14.0 ± 6.08.611.014.017.019.420.0 Adults (*n* = 19)Mouth(2.0, 14.0)7.7 ± 4.12.04.06.011.014.014.0Eyes(0.0, 10.0)2.1 ± 2.80.00.00.04.06.49.3Nose(0.0, 8.0)2.4 ± 2.20.01.02.04.06.27.6Other(0.0, 16.0)7.6 ± 4.51.84.08.010.014.215.6All(6.0, 32.0)19.8 ± 7.87.814.020.024.032.032.0Non-eating macro-activity Children (*n* = 61)Mouth(0.0, 14.0)4.7 ± 3.40.02.04.06.010.012.8Eyes(0.0, 14.0)3.7 ± 2.80.02.04.06.08.010.4Nose(0.0, 16.0)5.7 ± 3.12.04.06.08.012.013.6Other(0.0, 12.0)4.8 ± 2.62.02.04.06.010.010.8All(8.0, 36.0)18.9 ± 5.610.016.018.022.028.034.8 Adults (*n* = 180)Mouth(0.0, 10.0)2.9 ± 2.50.00.02.04.08.010.0Eyes(0.0, 8.0)2.4 ± 1.90.00.02.04.06.06.0Nose(0.0, 14.0)2.5 ± 2.20.02.02.04.06.010.4Other(0.0, 18.0)6.2 ± 3.02.04.06.08.010.014.4All(0.0, 30.0)14.0 ± 5.45.910.014.018.022.026.8All macro-activities Children (*n* = 64)Mouth(0.0, 14.0)4.8 ± 3.40.02.04.06.510.012.7Eyes(0.0, 14.0)3.7 ± 2.80.02.04.04.58.010.2Nose(0.0, 16.0)5.5 ± 3.20.04.06.08.011.713.5Other(0.0, 12.0)4.7 ± 2.62.02.04.06.09.710.7All(8.0, 36.0)18.7 ± 5.68.316.018.122.027.734.7 Adults (*n* = 199)Mouth(0.0,14.0)3.4 ± 3.10.00.02.04.010.012.0Eyes(0.0, 10.0)2.3 ± 2.00.00.02.04.06.06.0Nose(0.0, 14.0)2.5 ± 2.20.02.02.04.06.010.0Other(0.0, 18.0)6.3 ± 3.22.04.06.08.012.016.0All(0.0, 32.0)14.6 ± 5.96.010.014.018.022.230.0

### Comparison of eating vs. non-eating macro-activity contexts {#Sec10}

Frequency of hand-to-head (all) and -mouth contacts were significantly different (*p* \< 0.05) during eating macro-activities (*n* = 22) vs. non-eating (*n* = 241) macro-activities, with greater hand-to-head and -mouth contacts during eating (Fig. [3](#Fig3){ref-type="fig"}). During eating, the median frequency of hand-to-mouth contacts was 7 contacts/h (SD = 3.9), while during non-eating macro-activities, the median frequency of hand-to-mouth contacts was 4 contacts/h (SD = 2.9). Contact frequency summary statistics were stratified by age and by eating vs non-eating macro-activity behavior (Table [1](#Tab1){ref-type="table"}).Fig. 3Comparison of frequencies (contacts/h) of hand-to-head (all), -mouth, -eyes, -nose, and -other contacts during eating and non-eating macro-activity behavior.Statistical comparisons were calculated using a Wilcoxon rank sum test and can be seen over bars.

When comparisons between children and adults were stratified by eating or non-eating activities, all contact frequencies were significantly different (*p* \< 0.05) between adults and children for non-eating activities. However, during eating activities, significant differences were not seen (Supplementary Fig. [S2](#MOESM2){ref-type="media"}). Few children were observed during eating macro-activities (*n* = 3), however.

During eating behaviors, the median frequency of hand-to-mouth contacts for children (8 contacts/h) was greater than that of adults (6 contacts/h) (Table [1](#Tab1){ref-type="table"}), but there was no statistically significant difference (Supplementary Fig. [S2](#MOESM2){ref-type="media"}). The 75th percentile of hand-to-mouth contact frequency for adults (11 contacts/h) was greater than that of children (9 contacts/h), and a wider range of contact frequency was observed for adults (Table [1](#Tab1){ref-type="table"}). A similar pattern was seen in differences between adults and children in hand-to-eye and -nose contacts. A wider range in contact frequencies were seen for adults, where adults at higher percentiles touched their eyes and nose more than children at the same percentiles during eating activities (Table [1](#Tab1){ref-type="table"}). During non-eating activities, children tended to touch the head, mouth, eyes, and nose more frequently than adults, while adults tended to touch parts of the head other than the mouth, eyes, or nose with greater frequency (Table [1](#Tab1){ref-type="table"}).

### Comparison of locations {#Sec11}

No significant differences were observed in contact frequencies among locations during eating macro-activities. For non-eating macro-activities, statistically significant differences among locations were observed for hand-to-head (all) (*χ*^2^ = 49.656, df = 9, *p* value = 1.3  × 10^−7^), hand-to-mouth (*χ*^2^ = 26, df = 9, *p* value = 0.0020), hand-to-eyes (*χ*^2^ = 17.016, df = 9, *p* value = 0.048), and hand-to-other (*χ*^2^ = 39.459, df = 9, *p* value = 9.5 × 10^−6^) contacts. There were no statistically significant differences seen between locations in hand-to-nose contact frequency. Multiple statistically significant differences between frequencies by location were seen in post hoc tests (Fig. [4](#Fig4){ref-type="fig"}). For hand-to-head contacts ("all" contacts), significant differences were observed between the airport and classroom, airport and zoo, church and museum, classroom and museum, classroom and university, museum and sporting event, and museum and zoo (Fig. [4a](#Fig4){ref-type="fig"}). For hand-to-mouth contacts, no significant differences were observed. For hand-to-eye contacts, a significant difference between the university library and classroom was observed (Fig. [4b](#Fig4){ref-type="fig"}). For hand-to-other contacts, significant differences were seen between the classroom and airport, church and museum, classroom and museum, classroom and public library, and museum and sporting event (Fig. [4c](#Fig4){ref-type="fig"}).Fig. 4Post-hoc analysis results of location comparison.Dunn's test *p* values with Hochberg adjustment for comparison of contact frequencies among locations during non-eating macro-activities are shown for **a** all face contacts, **b** eye contacts, and **c** other contacts (not -mouth, -eyes, or -nose. Dark purple relates to non-statistically significant differences.

Contact sequences {#Sec12}
-----------------

Adults and children had notably different transitional probabilities for hand-to-head contacts, where adults tended to transition to hand-to-other contacts with greater probability from any type of hand-to-head contact, while children tended to make repetitive contacts with the mouth, eyes, or nose (Fig. [5a, b](#Fig5){ref-type="fig"}). Differences were also observed between eating and non-eating activities for adults, where during eating activities repetitive hand-to-mouth contacts were likely in addition to transitions from any hand-to-head contact to a hand-to-mouth contact or a hand-to-other contact (Fig. [5c, d](#Fig5){ref-type="fig"}). During non-eating activities, the transitional probabilities were similar to those for all adults grouped together, where any hand-to-head contact was likely to transition to a hand-to-other contact (contacts with parts of the head or face other than the mouth, eyes, or nose) (Fig. [5a, d](#Fig5){ref-type="fig"}). In comparisons of eating vs. non-eating transitional probabilities for children, a high probability of hand-to-mouth contacts following any hand-to-head contacts, especially hand-to-other contacts, was seen (Fig. [5e](#Fig5){ref-type="fig"}). However, only three children were observed engaging in eating behaviors (Table [1](#Tab1){ref-type="table"}). During non-eating behaviors, children appeared to make repetitive contacts with the mouth (Fig. [5f](#Fig5){ref-type="fig"}).Fig. 5Heat maps of transitional probabilities.Transitional probabilities (the probability of transitioning from one contact type to another) are shown for **a** adults and **b** children, **c** adults during eating, **d** adults during non-eating, **e** children during eating, **f** children during non-eating.

Discussion {#Sec13}
==========

Key findings and generalizability {#Sec14}
---------------------------------

Overall, there were no statistically significant differences between males and females other than for hand-to-nose contacts. Lack of differences between males and females is consistent with a study of 7--12 year olds where there was no statistically significant difference between male and female children in their mouthing activities \[[@CR13]\]. However, in a study of children from 3--13 years old, females tended to touch their mouths at a greater rate than males (*t* test, *p* = 0.031) \[[@CR20]\]. In this study, children touched the mouth, eyes, and nose at a greater frequency than adults (Table [1](#Tab1){ref-type="table"}, Fig. [2](#Fig2){ref-type="fig"}). This is consistent with another study in which 3--4 year old children had a statistically significantly larger frequency of object-to-mouth contacts than older children of age ranges 5--6 years, 7--8 years, and 10--12 years \[[@CR20]\].

In another study of micro-activities of adults in a graduate student office setting, Zhang et al. found that the non-dominant hand did most of the facial contacts, 2.4 times more than the dominant hand. Lateralization was observed, where participants tended to use the hand on the same side of their face during contacts \[[@CR21]\]. Differences between male and female facial contacts were not observed, potentially due to a low number of females in the study \[[@CR21]\]. This is consistent with the findings of this study where no significant differences in contact frequency between males and females was found other than for hand-to-nose contacts (Fig. [1](#Fig1){ref-type="fig"}). Zhang et al. observed adults with a much higher hand-to-mouth contact frequency, where students touched their lips 12.8 times/h. In this study, adults during non-eating behaviors touched their mouth on average 2.9 times/h (Table [1](#Tab1){ref-type="table"}) \[[@CR21]\]. During eating activities, adults in this study touched their mouth on average 7.7 times/h (Table [1](#Tab1){ref-type="table"}). The largest hand-to-mouth contact frequency observed in this study for adults was 14 times/h (Table [1](#Tab1){ref-type="table"}). In a study of ten adults in an office setting, Nicas and Best \[[@CR12]\] found adults touched the lips with a mean frequency of 24 times/3 h, or 8 times/h. Zhang et al. \[[@CR21]\] observed a larger frequency of nose touches as well, where students touched their nostrils 10.7 times/h, and, in this study, adults during non-eating behaviors touched their nose 2.5 times/h (Table [1](#Tab1){ref-type="table"}) \[[@CR21]\]. Nicas and Best \[[@CR12]\] observed a hand-to-nose frequency of 16 times/3 h, or 5.3 times/h, more similar in magnitude to the hand-to-nose contact frequency observed in this study. However, Zhang et al. \[[@CR21]\] observed a similar frequency of eye contacts, where students touched their eyes 3.9 times/h. In this study, adults during non-eating behaviors touched their eyes 2.4 times/h. Nicas and Best observed an average hand-to-eye frequency of 7.4 times/3 h, or 2.5 times/h. It is possible that direct observation in this study resulted in underestimates of contact frequency, while videography used by Zhang et al. \[[@CR21]\] results in more accurate contact frequencies, as the behaviors can be reviewed multiple times and slowed down in speed, increasing the likelihood that contacts with short durations are detected \[[@CR13], [@CR22], [@CR23]\]. However, the fact that participants were not informed they were being observed in the current study may mean there was less of a Hawthorne effect than in other observational methods where participants are aware of the observations. Comparisons among hand-to-face contact frequencies from this study and those from Zhang et al. \[[@CR21]\] and Nicas and Best \[[@CR12]\] are summarized in Table [S2](#MOESM5){ref-type="media"}.

Hand-to-mouth contact frequencies are similar for the children in this study as the frequencies reported in other studies. In a meta-analysis of studies of hand-to-mouth frequency for children in indoor environments, average contact frequencies ranged from 3.9 to 20.2 contacts/h \[[@CR24]\]. In this study, the averages of frequency of hand-to-mouth contacts for children during eating and non-eating macro-activities were 7.3 contacts/h and 4.7 contacts/h, respectively (Table [1](#Tab1){ref-type="table"}). Few children were observed eating (*n* = 3), and therefore more data are needed to confirm lack of statistically significant differences in contact frequencies between adults and children during eating macro-activities (Supplementary Fig. [S2](#MOESM2){ref-type="media"}).

Statistically significant differences in frequency of hand-to-mouth contacts between eating and non-eating macro-activities was expected. This emphasizes the importance of hand hygiene before eating events to reduce exposures to contaminants that may be present on the hands. Statistically significant differences in frequency of hand-to-mouth, -other, and -head (all) contacts among locations were seen for observations of those not eating. Interestingly, for those eating, no statistically significant differences in contact frequency across location were seen, despite statistically significant differences in contact frequencies between eating and non-eating observations. This implies that contacts during eating behaviors are fairly consistent across location, and contacts with the mouth tended to be more frequent during eating than non-eating macro-activities for both adults and children (Table [1](#Tab1){ref-type="table"}). For adults, frequency of contacts with the eyes and nose are similar for eating and non-eating contacts. The average frequency of adults' hand-to-other contacts are slightly higher during eating macro-activities (mean = 7.6, SD = 4.5) than during non-eating macro-activities (mean = 6.2, SD = 3.0) (Table [1](#Tab1){ref-type="table"}). For children, hand-to-eye, -nose, and -other contacts were more frequent on average during non-eating macro-activities than during eating macro-activities (Table [1](#Tab1){ref-type="table"}). For non-eating behaviors, the significant differences in hand-to-face contact frequencies across location may be a function of changes in activities per location that then alter hand-to-face contact frequency. Future studies should evaluate connections between time activity data and hand-to-face contact frequency.

Applicability of micro-activities in exposure models and an illustrative example {#Sec15}
--------------------------------------------------------------------------------

Incorporation of hand-to-face contact frequencies specific to adults will inform current exposure models that estimate changes in accruement of contaminants on hands based on hand-to-surface contacts and that estimate exposures via hand-to-face contacts. For example, in a model developed by Beamer et al. (2015) to estimate viral infection risks for adults based on hand-to-mouth, -eyes, and -nose contacts, the frequencies of these contact types are used to estimate total viruses transferred to facial mucosal membranes over an exposure duration (T) (Eqs. [1](#Equ1){ref-type=""}, [2](#Equ2){ref-type=""}):$$\documentclass[12pt]{minimal}
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                \begin{document}$$D = \mathop {\sum}_{n = 1}^k {\left( {H_{orifice,n} \cdot A_{orifice,n}} \right) \cdot \overline {C_{hand}} \cdot F_{23} \cdot T}.$$\end{document}$$

This model has been used in other studies to estimate viral infection risks, assuming a steady state accruement of virus on the hands \[[@CR10], [@CR14]\]. In this model, a steady-state concentration on hands ($\documentclass[12pt]{minimal}
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                \begin{document}$$\overline {C_{hand}}$$\end{document}$) is estimated by accounting for gains in virus to the hands due to hand-to-surface contacts and losses due to inactivation (*α*~*die--off*~), transfer of virus from the hands to the surface, and transfer of the virus from the hands to the face. To estimate transfer of virus from surfaces to the hand, the frequency of hand-to-surface contacts (*H*~*surface,j*~), where *j* represents either a porous or a nonporous surface, is multiplied by the respective surface-to-hand transfer efficiency (*f*~12,*j*~), the concentration on the surface (*C*~*surface*~), and the fraction of total hand surface area used for the contact (*FSA*). To estimate transfer of virus from the hand to the surface, the frequency of hand-to-surface contacts for porous or nonporous surfaces (*H*~*surface*~) is multiplied by hand-to-surface transfer efficiency (*f*~21~) and fraction of the total hand surface area used for the contact (*FSA*). Due to lack of data regarding differences in hand-to-surface transfer efficiency for porous or nonporous surfaces, estimation in losses due to hand-to-surface contacts are currently not separated by surface type. However, this could easily be adjusted if the transfer efficiency data were available, similar to estimation of surface-to-hand transfer in the numerator (Eq. [1](#Equ1){ref-type=""}). To estimate transfer of the virus per facial orifice contact, the contact frequency (*H*~*orifice,n*~) per orifice type, *n*, is multiplied by the surface area of contact for that specific orifice type (*A*~*orific,n*~) and the hand-to-facial orifice transfer efficiency (*f*~23~) and then divided by the total hand surface area (*A*~*hand*~).

We can gain insights into how the frequencies presented here may inform differences in exposures for eating vs. non-eating activities. In this study, adults touched their mouth an average of 7.7 times per hour while eating as opposed to 2.9 times per hour while not eating. Using Eq. ([1](#Equ1){ref-type=""}), a difference in steady state concentration on the hands between eating and non-eating behaviors using these frequencies would depend upon other parameters affecting steady state (Eq. [1](#Equ1){ref-type=""}). However, an estimated dose for a fecal-oral route pathogen based on a 1-h exposure using Eq. [(2](#Equ2){ref-type=""}) (assuming the same transfer efficiency (*F*~23~), steady-state concentration on hands ($\documentclass[12pt]{minimal}
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                \begin{document}$$\overline {C_{hand}}$$\end{document}$) and contact area (*A*~*orifice,n*~)) would mean a dose while eating would be approximately 2.7 times larger during eating than non-eating. If we consider a virus that can be transmitted via hand-to-mouth, -eyes, or -nose contacts, such as SARS-CoV-2, and use average adult hand-to-face contact frequencies from this study, an hour of eating behaviors would result in 12.2 contacts that could result in a dose (mouth: 7.7, eyes: 2.1, nose: 2.4) and 7.8 contacts (mouth: 2.9, eyes: 2.4, nose: 2.5) for non-eating behaviors. This would result in approximately a 1.6 times greater dose for eating behaviors than non-eating behaviors. Because dose-response curves relating doses to infection risks are typically non-linear, small changes in dose could have large implications for infection risks, especially in the case of highly infectious viruses with low infectious doses.

While the frequency of hand-to-face and other types of hand-to-object contacts are often included in exposure models, the order in which surfaces are contacted is not always incorporated. However, sequences of behaviors may vary from one type of activity to another, informing how exposures may vary from one activity to another, especially when handwashing or other hand hygiene events are taken into account. In healthcare, discrete Markov chains have been used to simulate sequences of hand-to-surface contacts for healthcare professionals and subsequent spread of pathogens around patient rooms \[[@CR25]\]. In chemical contexts, Markov chains were also used to simulate "contact events" \[[@CR26]\]. To our knowledge, sequences of hand-to-face contacts, specifically, have not been incorporated in current microbial exposure models. It is unknown what patterns of hand-to-face contacts may mean for infection risk. Future studies should evaluate methods for incorporating discrete Markov chains describing sequences of hand-to-face contacts and other behaviors, such as contacts with surfaces and handwashing events, into current exposure models. It should then be evaluated how these patterns influence estimated exposures or health outcomes.

Duration is also rarely incorporated in microbial exposure models, despite availability of duration data for hand-to-surface and -mouth contacts \[[@CR13]\]. It has been addressed in chemical contacts, especially in estimating dermal exposures and considering the absorption of chemicals on the skin over the duration of different contact events \[[@CR27]\]. In microbial contexts, this may be due to the fact that models currently do not calculate changes in microbial concentration differently for a one second contact vs. a contact of longer or shorter duration. Mechanistic models describing the effect of contact time on transfer efficiency are needed to more accurately capture fomite-mediated exposures and microbial accruement on hands. Very few data are available describing microbial transfer for hand-to-mouth contacts \[[@CR28]\], and, to our knowledge, no data are yet available for hand-to-eye or -nose contacts. These data would be needed to evaluate the relative importance of hand-to-mouth vs. -eye or -nose contacts to exposure and subsequent infection risk, along with an understanding of how durations of these contacts increases transfer and therefore chemical risks and infection risks from pathogens.

Limitations {#Sec16}
-----------

There was one observer in this study. While this may mean there was consistency from one observation to the next, this also means that only one person's perception of the behaviors is represented by these data, potentially introducing an observer bias. This has occurred in other micro-activity studies, even in which videography data was collected where there is sometimes one translator \[[@CR29]\]. In the case of this study, because the observer has since passed away, their specific insights on observations are unfortunately unavailable. While translation of observational form data to a digital spreadsheet was spot checked by multiple researchers, double coding and comparison of the coding of data from observational forms would have been more robust. Another limitation of this study was that the observations were conducted in 2001. With notable changes in the types of activities conducted in a variety of locations, such as contacts with cell phones and other technological devices, it is possible that contact behaviors with the face may have changed. For example, when one or both hands are occupied with a cellular device, they are not as readily available for a hand-to-face contact than if the hands were empty or holding something that one was not actively using. Whether time on cell phones has decreased or altered the frequency of hand-to-face contacts is unknown. This study may serve as a baseline of hand-to-face contact frequency before the wider implementation of mobile and touch screen devices, and future research is needed to evaluate the effects of technological surfaces on hand-to-face and hand-to-surface contact frequencies.

Participants in this study were observed in public spaces. To avoid the Hawthorne effect \[[@CR30]\], participants were not informed that they were being observed. This resulted in some data being unconfirmed, such as age or culture. It is possible that differences in contact frequency among different age groups or cultures are present that are not currently being accounted for. For example, in other studies, the effect of age on contact frequency has been observed, especially for children where age has been shown to be negatively correlated with some hand-to-surface contacts \[[@CR13]\]. While differences in object-to-mouth and hand-to-mouth contact frequency for children living in Taiwan versus the United states have been evaluated \[[@CR31]\], the effects of age and/or culture on contact frequency for adults, specifically, are unknown.

In addition, it has been demonstrated that mouthing behaviors may be significantly different between indoor and outdoor environments, with greater frequency indoors than outdoors \[[@CR24]\]. In this study, it was unknown whether some of the recorded locations were indoors, outdoors, or a hybrid, such as the food court, zoo, or museum. We were therefore unable to confidently compare behavioral differences between indoor and outdoor locations. This further reiterates the limitation of direct observation, where videography data would allow future researchers to revisit observations and confirm specific data \[[@CR13], [@CR22]\]. This limitation aside, our comparisons among all locations indicate that contact frequencies do vary from one location to another (Fig. [4](#Fig4){ref-type="fig"} and Supplementary Fig. [S3](#MOESM3){ref-type="media"}). However, observations in each location did not span multiple seasons. It is possible there are seasonal effects of frequency of hand-to-face contacts that are not accounted for in this study. For example, colder seasons could result in a runny nose, and, therefore, a greater frequency of hand-to-nose contacts. The effect of season could also depend upon the geographical location. Future data are needed, ideally collected with videography methods, to determine whether indoor vs. outdoor characteristics explain differences in contact frequencies between locations, after adjusting for effects of geographical location and season.

Conclusions {#Sec17}
===========

To our knowledge, this is the first study to report hand-to-face, -eyes, and -nose contacts for adults in multiple locations and hand-to-eye and -nose frequencies for children. These data can inform assumed hand-to-face frequencies and even contact sequences in future risk assessments, reducing uncertainty in one of the most influential categories of inputs in the case of several chemical and microbial risk assessments. More data are needed to investigate differences in contact frequency among age groups and different cultures for adults and to further investigate the modification of hand-to-face contact frequencies during eating vs. non-eating macro-activities.
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